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WIRE LOOP MOTION SENSOR OPTIMIZATION FOR  
ARTIFACT REDUCTION IN EEG-FMRI RECORDINGS 
JEFFREY CHUN-KIN TSANG 
ABSTRACT 
 The simultaneous use of electroencephalography (EEG) and functional magnetic 
resonance imaging (fMRI) has allowed for the improved characterization of neurological 
phenomena, combining the high spatial resolution of fMRI with the high temporal 
resolution of EEG. However, the artifacts observed in EEG during this combined 
recording method have posed a challenging problem. The high magnetic field creates 
these artifacts via Faraday's law of induction whenever the field shifts during imaging or 
when the subject moves in the scanner. In an attempt to reduce these artifacts, techniques 
involving external referential devices to record only the artifacts have been deployed. 
One such method, known as wire loop motion sensors, has been successful in regressing 
out noise, though there is still further to be explored with regard to their effectiveness at 
varying frequencies as well as whether increasing the number of loops and regressing 
based on proximity to sensors would yield further improvements. This thesis shows that 
utilizing an expanded geometrical arrangement of sensors enables improved artifact 
reduction, effective at 4, 7.5, 10, and 15Hz, without significantly impacting overall 
power. This work thus provides an approach to improve signal quality in simultaneous 
EEG-fMRI studies. 
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CHAPTER 1: INTRODUCTION 
1.1 Motivation 
 Electroencephalography (EEG) is a non-invasive method to record neural activity 
by placing electrodes on the scalp of a subject. Functional magnetic resonance imaging 
(fMRI) takes cross sectional images of a subject's brain and is able to detect changes over 
time associated with blood flow. Although they have been individually used in numerous 
studies, the dual use of both modalities allows better characterization of neural activity 
since they are able to complement each other with the high spatial resolution from fMRI 
and the superior temporal resolution of EEG.4 A prominent issue is a significant amount 
of noise for both since the use of one interferes with the other. This is especially true with 
the development of increasingly more powerful MRI scanners for higher signal quality, 
which involve higher magnetic fields. The electrodes in an EEG cap leave an artifact in 
the images for fMRI due to the presence of metallic elements that distort the magnetic 
field. This has been reduced with the development of more MR-compatible EEG caps.11 
Conversely as per Faraday's law of induction, the high magnetic field creates artifacts in 
EEG signal when an image slice is taken or the patient moves in the scanner. These 
artifacts are often several magnitudes larger than the intended recorded signals and can be 
difficult to remove.6 
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1.2 Background 
 1.2.1 Artifacts found in EEG. The artifacts that are seen in EEG can be 
characterized by their sources. The largest source of artifact comes from the scanner 
itself. This is referred to as the gradient artifact. Whenever an fMRI slice is taken, the 
magnetic field is reoriented and an artifact is recorded that is on the magnitude of 
thousands of times larger than neural activity. Although this is a major artifact, the timing 
of the artifact can be synced with the slice acquisition as well as the reproducibility of the 
individual artifact. This makes it easier to determine when the artifact occurs and is used 
in average artifact subtraction (AAS) when cleaning the signal.12 The second major 
classification of artifact comes from the rhythmic beating of the heart. This is known as 
the pulse or ballistocardiogram artifact (BCG).The specific mechanisms causing this 
artifact are the bulk motion of the head due to blood ejection, electric field distortion in 
moving blood (Hall Effect), and local electrode displacement from scalp expansion.7,8 
AAS has also been used in removing the BCG artifact, but this is sub-optimal due to the 
limited ability of self-extraction methods to adapt to changes between instances. Another 
source of variation comes from subject motion. Even minute movements on the order of a 
few millimeters will register as an artifact in the data. Understandably, asking a subject to 
remain motionless for several minutes to hours is a difficult task, so the occasional 
artifact is recorded. Luckily due to their infrequency, these artifacts can be selectively 
omitted from the remainder of the data. In some cases, this is still not ideal as there may 
be valid data in the regions that are removed.3 
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 1.2.2 Sources of Variation. While the gradient artifact is relatively consistent in its 
appearance in channels, the BCG artifact and motion artifacts are more variable. Motion 
artifacts are not attributed to any particular rhythmic source. For this reason, there is not 
much consistency in the movement and the timing can affect how it appears, even if it is 
the same motion.3 Variations in the BCG artifact can be attributed to factors such as 
respiration, head position and orientation due to breathing, or fluctuations in heart rate 
from sympathetic and parasympathetic physiology changes.7 These can cause differences 
between each iteration in timing, magnitude, and/or shape.7 
 Further complicating these artifacts is the passive gradient magnetic field. 
Because the magnetic field is not uniform in every location of the scanner, the artifacts 
may appear different between electrodes in slightly different positions on the scalp. In an 
analysis of the gradient artifact in relation to the shape of a phantom, a spherical phantom 
showed a much different artifact characterization than a phantom that was structurally 
similar to a human head.2 
 Due to the variability and pervasiveness of the BCG artifact throughout 
contaminated signal, it has been the most difficult to regress from neural signal and this 
thesis will focus on removing this artifact. 
 
 1.2.3 Self-Extraction Methods. The techniques that are used to handle these 
artifacts have two major categorizations of method: self-extraction and external-
reference. Self-extraction methods create an estimate of the artifact from the original data 
and then use a template to remove the artifact. Average artifact subtraction observes a 
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number of instances where the artifact occurs and then takes the average of these to 
subtract from the data. Another common method is optimal basis sets (OBS), which uses 
principal component analysis (PCA) on a few instances of the artifact to derive a set of 
basis functions.8,10 These functions can be recombined to create templates used to remove 
the artifact from the original data. While these methods have the advantage of not 
requiring additional materials or equipment to utilize, they are limited in their 
effectiveness due to the inability to adapt to large variations between artifacts or 
spontaneous motion. 
 
 
Figure 1 Examples of short-timescale pulse artifact variability adapted from Jorge et al 
2019. Residual artifacts can occur from self-extraction methods as shown by the red arrows 
highlighting insufficient removal of the primary peak and introduction of new artifact.7 
 
 1.2.4 External Reference Methods. The alternative to self-extraction methods is 
external reference where the artifact is recorded from non-EEG sensors. While AAS and 
OBS have been shown to be effective in reducing the gradient artifact, external reference 
methods are more effective and adaptable in removing artifacts caused by BCG and 
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spontaneous motion.6,8,9 One of the earliest types of an external reference method was the 
use of carbon wire loops placed around the EEG cap in order to measure artifacts. As the 
subject would move, a similar artifact recorded in the scalp electrodes is also recorded by 
the loops that can be used in regression.9 
 After the original conception of using sensors to measure and estimate artifacts 
from motion, more techniques have been developed to improve upon different aspects. 
Two such promising techniques are reference layers and wire loop motion sensors 
(WLMS), both of which utilize the similar basic principle. Wire loop motion sensors are 
closer to the original technique in that they create sensors in the form of loops.6 Rather 
than using carbon fiber, the sensors insulate an electrode from the scalp and then create a 
loop by placing a resistor in series with the repurposed electrode and the reference 
electrode. The work done by Jorge in 2015 used a central silver/silver-chloride 
(Ag/AgCl) pellet electrode. This central electrode then branched to four other electrodes 
with chip resistors in four other lead wires and terminated with another pellet electrode. 
The Jorge version of this device used the electrodes at the F5, F6, T7, and T8 positions 
and insulated them from the scalp using tape.6 Although these electrodes no longer 
recorded neural activity, the value that was obtained from recording the various artifacts 
and regressing the noise from other channels made it a worthy trade. Its simplicity 
contributes heavily to the ease of implementation since there is little setup required. The 
device is made of only a few MR compatible components. 
 Another technique is the reference layer. One of the earliest versions of this was 
developed by Chowdhury and involved creating an agar gel cap that contours to the scalp 
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of the subject.1 This cap has the same conductivity as a human scalp. A series of layers 
are placed on top of the EEG cap. First, the cap itself is set up to record neural activity. 
Next is an insulating layer followed by the gel cap to prevent the sensors from recording 
neural activity. The gel cap then has another set of electrodes on top that will be used to 
measure the artifact. They are each positioned on the gel layer so each corresponds to a 
scalp electrode. The purpose of this is to have the geometry of the reference layer 
electrodes closely resemble that of the EEG electrodes. This combined with the 
conductivity of the gel cap is meant replicate conditions that can create artifacts that best 
resemble those measured by the EEG cap without recording any neural activity. The 
downside to this is that the setup for the cap is incredibly taxing to implement as the gel 
layer requires substantial preparation. Another version of the reference layer involves a 
vinyl shower cap as designed by Luo.8 The cap itself is already capable of insulation 
meaning that the electrodes that would measure the artifact can be placed on top. The 
conductivity of the exterior of the cap is modified using a potassium chloride solution. 
Electrodes that are meant to record neural activity are able to bypass the shower cap 
through a number of grommets installed in the cap. This setup is much easier to setup 
than the gel cap, however, it comes at the cost of the replicated geometry. Furthermore, 
the KCl solution may lose potency over time as the shower cap dries over time. Still, the 
shower cap setup has shown to be superior to self-referential methods such as optimal 
basis sets.8 In a follow up secondary comparison of the effectiveness of the gel reference 
layer to that of the wire loop motion sensors, the gel reference layer was found to have a 
slight advantage in motion artifact reduction when accounting for the number of sensors. 
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This suggests that the improvement was attributed to the synced geometries between the 
electrodes on the reference layer and the corresponding ones on the scalp.3 The geometry 
has an impact on the mimicry of the scalp artifact. We therefore aimed to investigate how 
modifying the geometry, positions, and size of the loops used in WLMS can yield an 
improved artifact reduction technique. 
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CHAPTER 2: RESEARCH OBJECTIVES 
 Wire loop motion sensors can be optimized for EEG-fMRI by changing sizes, 
positions, and orientations of the loops. The performance of these loops has yet to be 
determined at varying frequencies. As mentioned previously, there already exists a 
version of wire loop motion sensors that has been proven to be effective at the alpha 
power range. However, different ranges have yet to be tested and whether or not 
additional loops would prove useful. Because the cost of each additional loop is the 
opportunity to record neural signal from that location on the scalp, it is imperative to 
determine whether the data from recording artifacts in additional loops instead is a 
worthy trade-off. The two major goals for this study are to determine design a WLMS 
system with increased loops to improve EEG signal quality and then determine if these 
loops are effective at different frequencies of neural activity. 
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CHAPTER 3: METHODS 
 
3.1 Participant. 
 The subject was a 26 year old male with no noted prior mental or physical health 
issues. Written consent was obtained prior to the data acquisition and safety check-ins 
were done throughout the scan. 
 
3.2 EEG and fMRI Setup. 
 EEG data was acquired using an MR-compatible system (BrainCap MR, Brain 
Products) inside the 3 Tesla MRI scanner at the Cognitive Neuroimaging Center at 
Boston University's Rajen Kilachand Center for Integrated Life Sciences and 
Engineering. The EEG system consisted of a 64 channel cap with electrodes placed in a 
standard 10-20 layout. The system acquired samples at 5000Hz. MR images were 
acquired using gradient-echo echo planar imaging (EPI) for blood-oxygen level 
dependent (BOLD) fMRI. Scans were executed with parameters: total time of 254 
seconds, 2.75 seconds TR, flip angle 90 degrees, and voxel isotropic resolution 2.5mm. 
 
3.3 Device Design. 
 The wire loop motion sensors expand on the original conception that only had 
four loops stemming from a central wire node. The original device uses 5 kΩ chip 
resistors soldered in series on each wire and is terminated by an Ag/AgCl pellet 
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electrode. Our device has eight loops to allow for a better characterization of the artifacts 
across the scalp (see figures 2 and 3). The electrodes used include the original positions 
(F5, F6, T7, T8) and also include four additions (FT9, FT10, P5, P6). Instead of all leads 
connected at a central wire node, the leads for P5 and T7 share a single wire that leads to 
the reference. The leads for P6 and T8 similarly share a wire (Figure 2,3). More robust 
materials were also used to improve reusability. Rather than the 5 kΩ chip resistors, 
which were prone to breaking, the device uses 10 kΩ axial lead resistors that are meant to 
be soldered in series with a wire. Although the purpose of the chip resistors was to 
minimize the disruption to the fMRI images, the axial lead resistors similarly do not 
interfere with the MR data acquisition. The previous version's Ag/AgCl pellet electrodes 
were replaced with disc electrodes meant for sub-dermal implantation with silver wire 
leads to better integrate with the device and maintain contact with the EEG electrodes. 
These changes allow for added flexibility and maneuverability of the leads on the cap, 
which is crucial for accommodating different head sizes. It has the added benefit of being 
flexible enough to switch electrodes designated to act as the sensor should any of the 
currently selected ones be ineffective. The WLMS device is more robust and sustainable 
use in future experiments. 
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Figure 2 The design of the WLMS with resistors represented as 'R' and the electrode leads 
as black circles 
 
 
Figure 3 The device pictured 
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3.4 Safety Measures. 
 Not only is there the chance of high energy deposition into the subject in order to 
take a slice in the MRI scanner, the high magnetic field is a major source of potential 
hazards.5 The core artifact measure mechanism involves the induction of currents close to 
a human subject's scalp, and has an increased risk for burns in tissue near the vicinity of 
metallic electrodes. For prolonged exposure, heating in excess of 5°C above normal body 
temperature has potential to damage neurons.5 Prior to use on a human subject, heat 
testing was done on a watermelon with the EEG cap and wire loops administered and 
placed into the 3T scanner (Figure 4). The sequences that would be used on human 
subjects were run on the watermelon for consistency. Fiber optic temperature probes 
were also placed at critical points near accessible electrodes to measure any temperature 
changes over the scanning sequence. Other points that may be vulnerable to excessive 
energy deposition are the reference electrode and the nodes where multiple sensor leads 
stem from (i.e. the points where P5 meets T7 and P6 meets T8). For this reason, the 
temperature probes were placed at the reference electrode and the left node, F6 and FT10. 
To account for ambient temperature changes in the scanner room, a control temperature 
probe was placed on the exterior of the head coil. Peak temperatures at any of the probes 
exceeding 44°C were considered at risk for burns. 
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Figure 4 The device was set up on a watermelon prior to being placed in the scanner. 
 
3.5 Imaging Artifact Evaluation 
 Although the focus of this thesis was on the efficacy of noise reduction in EEG, 
the addition of the device should not significantly impact the acquisition of fMRI slices. 
For this reason, the impact of the WLMS device was assessed by comparing scan slices 
taken on a water phantom with the device placed on top and against the phantom alone. 
The same scan parameters that were run on human subjects was also run for the phantom. 
After acquiring images from the phantom scan, a temporal signal to noise ratio (tSNR) 
map assessment was done to determine the impact of the device. The signal for the time 
series was averaged and divided by the standard deviation (noise). 
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3.6 Human Testing Setup 
 EEG data were acquired outside of the scanner prior to acquisition of MR images. 
This was the standard to compare the effectiveness of the regression techniques, 
assuming that EEG data acquired outside of the scanner would be free from scanning 
artifacts. 
 Trials of 'eyes opened and eyes closed' had the subject keep their eyes open 
staring at the wall or a blank screen for a period of time and then close their eyes for 
another period. This would test whether the results of previous work that focused on the 
difference in alpha power could be reproduced. 
 Visual stimuli trials were run to vary the frequencies that were targeted for 
regression. The visual stimuli was a flickering circular checkerboard with alternating 
black and white panels arranged in a circular pattern around a red dot. The flickering 
checkerboard was presented for 20 second periods and then absent for another 20 
seconds. Subjects exposed to the stimuli would have shown an increase in occipital 
spectral power at the respective frequencies displayed during the times when the 
checkerboard was active compared to inactive. The frequency at which the checkerboard 
alternated the squares varied across three trials: either 4Hz, 7.5Hz, or 15Hz. These 
frequencies were meant to test whether noise reduction techniques would be effective 
across multiple frequencies beyond the alpha power differential seen for sessions of "eyes 
opened, eyes closed." 
 The scanning was done in the 3 Tesla scanner in the Cognitive Neuroimaging 
Center on the first floor of Center for Integrated Life Sciences and Engineering. To 
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maintain consistency across subjects, the same scan sequence was used across trials. 
 
3.7 Data Analysis 
 3.7.1 Regression Method. Regressed data from each trial inside the scanner was 
compared to the data outside of the scanner. This was done after removing the gradient 
artifact with the average artifact subtraction software provided by BrainVision. Next, 
each set was filtered from 0.1 to 50Hz and downsampled to 200Hz. Data from the EEG 
electrodes were regressed with the WLMS using recursive least squares (RLS), an 
adaptive filter algorithm. Our approach with RLS was to observe whether regression is 
more effective using all of the sensors over the entirety of the scalp or only using a 
number of sensors selected based on proximity to individual electrodes. As an additional 
variation to explore the impact of the loop configuration and proximity to sensors, 
regression was done using electrodes on either the left and right hemispheres of the scalp 
where electrodes (i.e. the electrodes on the left side of the scalp were regressed using the 
four sensors on the left side and electrodes on the right were regressed with four sensors 
on the right). To compare the effectiveness over previous devices, regression was done 
with only the four electrode positions used by Jorge (F5, F6, T7, T8). The eyes 
opened/eyes closed analysis consisted of obtaining the averaged power spectra of the 
periods during which the subject's eyes are closed and then comparing the averaged 
power spectra of the periods during which the subject's eyes are opened. The difference 
was a noticeable increase in power for the time when the subject's eyes are closed in the 
8-12 Hz range. The same was done with the visual stimuli with noticeable changes in 
  
16 
power seen at the 4Hz, 7.5Hz, and 15Hz frequencies corresponding to the stimuli that 
was present for the trial in the baseline and regressed signals. 
 
Table 1 Description of each method and abbreviations used in reference 
Method Abbreviation Description 
Outside 
Baseline 
Baseline Data are only filtered and downsampling 
Raw Data Raw Only preprocessing is done. No regression with loops. 
Jorge Loops Jorge All channels are regressed with sensors at the 
positions in the previous device 
Closest Loop 
Sensor 
Reg 1 Each individual channel is regressed with the 
respective closest loop sensor 
Closest 2 
Loop Sensors 
Reg 2 Each individual channel is regressed with the 
respective closest two loop sensor 
Closest 4 
Loop Sensors 
Reg 4 Each individual channel is regressed with the 
respective closest four loop sensor 
All 8 Loop 
Sensors 
Reg 8 All channels are regressed with all 8 loop sensors 
Left and right 
sensors 
Reg LR Each individual channel is regressed with either the 
four sensors on the left or on the right 
 
 
 3.7.2 Analysis Metrics. Techniques were evaluated in terms of retention of signal 
and reduction of noise. Retention of signal was evaluated by finding the difference in 
average amplitude between periods of stimuli on and stimuli off at the targeted frequency 
range. A larger average difference would indicate more signal was recovered and over-
fitting was kept minimal. To evaluate reduction of noise, a root mean square analysis was 
done. The root mean square (RMS) of the difference in power inside and outside the 
scanner indicates that the general shape of the power spectra is maintained; a larger root 
mean square indicates that the shapes of the power spectra are different and that more 
noise remains after regression. The same analysis was also done on the topographical 
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distribution of the targeted frequency power to ensure that regression was not introducing 
additional noise. 
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CHAPTER 4: RESULTS 
4.1 Heat testing 
 Fiber optic temperature probes were placed at F6, FT10, reference electrode, the 
left node where P5 and T7 meet, and on the exterior of the head coil as a control for 
ambient temperature. After a minute of measuring the ambient temperature, a 25-minute 
functional scan was done. The results from the heat tests showed that the device did not 
increase in temperature above our maximum limit at any probe. At most, the largest 
temperature increase on the device was recorded at the left node was 2.2°C, but that may 
be attributed to the overall change in the temperature of the scanner rather than energy 
deposition from the device. The scanner requires large amounts of energy to operate and 
this can cause the ambient room temperature to increase. Accounting for this, the change 
at the left node was only 1.0°C. At the electrodes, the largest temperature change was 
found to be 0.39°C for F6 and FT10. Based on these results, we confidently showed that 
the wire loop motion sensors are safe for human subjects under these experimental 
conditions. Note that safety testing should always be done when using new devices out of 
an abundance of caution. 
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Figure 5 Data obtained from the heat testing. The temperature changes were mostly stable 
over the course of the run. To establish a baseline to compare the temperature changes 
relative to the scanner itself, a probe was placed on the exterior of the head coil (blue) 
 
4.2 Artifact in fMRI 
 Images were acquired for a water phantom without the device laid on top and with 
the device. A tSNR map analysis shows that there is little signal lost when the device is 
placed on top. As shown in figure 6, the fMRI artifact caused by the WLMS device is 
relatively minimal. 
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Figure 6 The signal to noise ratios of the phantom alone (left) compared to the phantom 
with the device placed on top (right). The tSNR is quantified on the right with yellow 
indicating higher signal. 
 
4.3 EEG analysis 
 Outside of the scanner, the visual stimuli created numerous peaks in the power 
spectra at the frequency of the checkerboard flickering as well as at harmonic intervals 
(Figure 10). There was a noticeable difference in power when the stimuli is active and 
inactive. The difference in power was mostly present in the occipital region (Figure 7). 
The POz electrode in this region was selected for use in the power spectrum analysis. 
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Figure 7 Across the different baseline trials outside of the scanner, the power differences 
were mostly apparent in the occipital region. The colorbar indicates power difference in 
decibels. 
 
 There is an increase in the power in alpha outside of the scanner between eyes 
opened and eyes closed. The primary region of focus was in the occipital region, where 
the alpha frequencies as well as the controlled visual frequencies were found to be 
present (Figure 8). The activation of the visual stimuli induced activity in the occipital 
region at the harmonic frequencies for the respective stimuli as well (Figure 10). There 
was a noticeable spike at 10Hz during stimuli inactive periods (Figure 10). 
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Figure 8 The difference in alpha range power during sessions of 'eyes closed' (red) and 'eyes 
opened' (blue). 
 
 The data within the scanner after using most regression techniques showed that 
the power difference were most apparent in channels in the occipital region, especially in 
the regression with eight loops (Figure 9). This was consistent with the findings in the 
baseline (Figure 7). 
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Figure 9 Topographical power differences after regression with eight loops.  The colorbar 
indicates power in decibels. 
 
 The power distribution varied based on technique. Looking into the POz channels 
of the data for each method showed that the shape of the spectra varied quite a bit (Figure 
10). The most effectively regressed signals were in the eyes opened/eyes closed trials 
when compared to the baseline (Figure 11, 13). 
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Figure 10 Power spectra for 7.5Hz in order from left to right and then next row, Baseline, 
Raw, Jorge, eight Loops, one Loop, two Loops, four Loops, Left-right. The peak at 7.5 Hz is 
most prominent in the baseline, but does not appear as distinctly in regressions with less 
than four loops as shown by the red arrow. 
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Figure 11 Difference in average amplitude for eyes open/eyes closed trials (left) and 15Hz 
visual stimuli (right) comparing our device (green) to Jorge's sensors (yellow), raw data 
(orange), and the baseline (blue). Error bars indicate one standard deviation. Regression 
with eight loops was more effective at signal retention than the previous device and 
compared to raw data. 
 
 In a signal retention comparison between the sensor positions used in Jorge's 
device and all eight loops, there was a significant difference across all conditions (p = 
0.018 in two-sided Wilcoxon signed rank test). This indicates that there was more of the 
signal at the targeted frequency recovered with eight loops. In an additional analysis of 
the regression methods using four sensors, the proximity of the sensors showed an effect 
in the signal retention. The regression with the four closest sensors outperformed the 
Jorge sensors across all conditions (p = 0.0429 in two-sided Wilcoxon signed rank test) 
as well (Figure 12). Although the overall signal retention for the visual stimuli was found 
to be a challenge where the recovered signal was several magnitudes lower than the 
baseline, regression with all eight loops showed an improvement up to two-fold increase 
over the Jorge sensors (Table 2, Figure 11). 
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Figure 12 Difference in average amplitude for eyes open/eyes closed trials (left) and 15Hz 
visual stimuli (right) for regression methods using four sensors: Jorge (yellow), four closest 
(red), and left-right (pink). Error bars indicate one standard deviation. The average 
amplitude of signal recovered with the four closest loops was higher than other 
configurations. 
 
 The increase in number of loops had an impact on the retention of signal as did 
the proximity of loops. This trend is apparent when observing the rest of the data (Figure 
13). 
 
Table 2: Values of average amplitude; standard deviation in parenthesis 
Hz Baseline Raw OG 1 Local 2 Local 4 Local All 8 Left-right 
Alpha 5.65 
(0.00) 
1.26 
(0.46) 
4.27 
(0.38) 
1.44 
(0.46) 
2.82 
(0.50) 
4.79 
(0.49) 
5.00 
(0.47) 
4.25 
(0.32) 
4 Hz 2.24 
(0.58) 
0.44 
(1.01) 
0.52 
(0.48) 
0.02 
(1.03) 
-0.33 
(1.23) 
0.52 
(0.34) 
0.92 
(0.49) 
0.47 
(0.42) 
7.5 Hz 3.45 
(0.33) 
-0.93 
(1.12) 
0.67 
(0.76) 
-0.68 
(1.37) 
-0.86 
(1.40) 
1.18 
(0.79) 
1.35 
(0.77) 
0.11 
(0.83) 
15 Hz 8.75 
(0.33) 
0.23 
(0.67) 
0.79 
(0.67) 
0.41 
(0.62) 
-0.09 
(0.73) 
0.98 
(0.80) 
1.58 
(0.74) 
0.72 
(0.72) 
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Figure 13 The average amplitudes of the power difference in stimuli on and off conditions. 
Error bars indicate one standard deviation. Each regression method is compared to the 
baseline. Regression with eight loops is most effective at each frequency. 
 
 Using all eight of the loops had the greatest effect recovering the alpha power 
(Figure 13). For the other frequencies, the eight loops was not as effective where the 
recovered signal was much lower than the baseline. However, it was still relatively more 
effective than the other regression methods. The regression methods with the four loops 
(original, closest, and left-right) were also relatively effective with the noticeable 
exception of the left-right regression at 7.5Hz. Each of these was superior to the raw data 
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and regressions with one and two loops, confirming the trend that the number of sensors 
is critical for effectiveness of retaining signal. 
 In order to assess the reduction of noise, the shape of the spectra were evaluated 
by taking the root mean square of the averaged power spectrum for each period (eyes 
opened and closed/stimulus active and inactive) and compared to the respective periods 
for the baseline. A lower root mean square would indicate that  the shape was relatively 
similar and the technique reduced more of the noise; an RMS of 0 would show the power 
spectrum is exactly the same as the baseline with no additional noise. Figures 14, 15, and 
16 show the root mean square analysis relative to the baseline from 1 to 25Hz. This 
frequency range was selected because it contains the BCG artifact.7 
 
 
Figure 14 Root Mean Square analysis of the raw (orange), Jorge (yellow), and eight loop 
(green) regression techniques. Error bars indicate one standard deviation. The regression 
with eight loops had the lowest RMS, which shows that its spectral power is relatively most 
similar to the baseline and was able to reduce artifacts the most. 
 
 The root mean analysis shows that the regression with eight loops was most 
effective at reducing the artifact over Jorge's device (Figure 14). In another comparison 
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between the methods that used four sensors (Jorge, four closest, left-right), regression 
with the four closest sensors outperformed regression with the Jorge loops and the left-
right loops (Figure 15). 
 
 
Figure 15 Root Mean Square Analysis of regression methods with four loops: Jorge 
(yellow), four closest (red), left-right (pink). Error bars indicate one standard deviation. 
Regression with the four closest loops had the lowest RMS and was most effective in 
reducing artifacts. 
 
 Looking at the rest of the data, increasing the number of loops improved the RMS 
and reduced the noise (Figure 16, Table 3). 
 
Table 3 Values of average RMS; standard deviation in parenthesis 
Hz Raw OG 1 Local 2 Local 4 Local All 8 Left-right 
Alpha 8.46 (0.24) 
5.87 
(0.34) 
8.25 
(0.24) 
7.76 
(0.41) 
3.86 
(0.18) 
3.29 
(0.14) 
6.07 
(0.32) 
4 Hz 8.59 (0.24) 
4.94 
(0.32) 
8.40 
(0.25) 
8.19 
(0.31) 
3.38 
(0.31) 
2.55 
(0.29) 
5.69 
(0.32) 
7.5 Hz 8.77 (0.38) 
4.58 
(0.36) 
8.62 
(0.39) 
8.12 
(0.40) 
3.18 
(0.30) 
2.60 
(0.26) 
5.20 
(0.36) 
15 Hz 9.19 (0.30) 
4.09 
(0.19) 
9.15 
(0.30) 
7.95 
(0.32) 
3.27 
(0.11) 
2.87 
(0.09) 
5.12 
(0.18) 
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Figure 16 Root Mean Square of the stimuli and alpha power spectra at POz. Error bars 
indicate one standard deviation. Regressing with eight loops had the lowest error and was 
most similar in shape to the baseline. 
 
 The regression with eight loops maintains the closest proximity to the original 
power spectra shape. Next was the regression with the four closest loops and the 
regression with the Jorge loop configuration. The raw signal did the worst followed by 
the regression with only the closest loop (Figure 16). 
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Figure 17 Root Mean Square of the difference in the target frequency power distribution 
between the regression method and the baseline across topology. Regression with eight 
loops was the lowest in all trials with the exception of 7.5Hz. There did not appear to be any 
correlation between power distribution and methods. 
 
Table 4 Values of topographical RMS 
Hz Raw OG 1 Local 2 Local 4 Local All 8 Left-right 
Alpha 1.21 0.91 1.12 0.96 1.00 0.82 1.04 
4 Hz 1.08 1.14 1.15 1.19 1.23 0.97 1.24 
7.5 Hz 1.21 0.93 1.07 1.01 0.88 0.90 1.13 
15 Hz 1.99 1.86 1.99 2.14 1.87 1.53 1.80 
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 In our final assessment, the root mean square analysis was done on the 
topographical distribution where the power difference at the targeted frequency for each 
individual channel was compared to that of the baseline for each channel. Although the 
eight loops regression was consistently lower than the other methods, we did not detect 
significant difference or any consistent correlation between the number of channels and 
the RMS (Figure 17, Table 4). This suggests that the overall power distribution across the 
scalp is more variable at each channel than anticipated. 
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 CHAPTER 5: DISCUSSION 
5.1 General 
 The impact we saw from the additional loops was an improvement in terms of 
both the signal retention as well as the reduction of noise. When accounting for the 
number of loops, the geometry of the sensors helped create templates that more closely 
resembled the artifacts in the channels, which was only possible with the flexibility from 
additional sensors. 
 The results indicate that the regression with all eight loops was the best overall in 
preserving the target signal at each frequency with a two-fold increase with the 7.5Hz and 
15Hz trials over the sensors in Jorge's device. This improvement was attributed to the 
number of sensors used in regression, since the general trend showed increased signal 
retention in addition to artifact reduction with more loops. The least effective of the 
regression methods were the techniques using only the closest channel and two closest 
channels. This is likely because other methods would have used the same sensors in 
addition to sensors at other positions that could only improve the noise reduction. The 
method with only two sensors still showed a slight improvement over the raw scanner 
data in the root mean square analysis as well as the 7.5Hz and 15Hz regression. Using 
fewer sensors only trended towards worse signal regression. 
 The positioning of the additional four electrodes played a significant role in the 
artifact collection, since the P5 and P6 sensors would have been able to capture an artifact 
that more closely resembled that which would have been recorded in POz. This is 
corroborated by observing the effect regressing with the four closest loops. We saw that 
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the regression with four closest had a lower RMS in the POz channel and conversely, the 
left-right regression had a higher RMS. The left-right loop regression also used four 
loops, however, it was separated so channels on the left side of the scalp as well as POz 
would be regressed using the loops on the left side only. The artifact that was recorded in 
those sensors would have been more relevant to channels on the left side of the scalp, but 
not for POz in the back. This could explain why the RMS analysis had a higher value for 
the left-right regression. 
 There was a noticeably consistent peak at 10Hz during periods when the stimuli 
was inactive even when the subject's eyes were not closed. This may possibly be due to 
the 20 second absence of stimuli lulling the subject into a state more susceptible to 
producing higher alpha and theta waves. Although this was not intentionally induced with 
the visual stimuli, it is encouraging that the same spike was present in both the baseline 
and regressed signals in that there is spontaneous neural signal that was preserved by our 
technique. Improved recovery of this peak may have contributed in the RMS analysis. 
 In our topographical RMS analysis, the values for the distribution of the powers 
observed were not as expected. We were expecting to see a more prominent decrease 
between the RMS of regressed signals compared to the raw signal, however, the 
difference did not correlate with increasing loops or altering geometry. This may be due 
to the small differences between the regressed signal and raw signal are overshadowed by 
the magnitude of the baseline data all around as well as some of the other channels not 
recording true neural activity. To better understand the effect of the spatial distribution of 
signal, it could be beneficial to run the same RMS analysis for the whole spectrum rather 
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than simply the amplitude of the targeted power. 
 
5.2 Future Directions 
 In the future, other iterations of the device could have additional configurations 
and use different EEG electrodes for sensors. It would be interesting to explore the limits 
of the signal retention with more loops. Although the regression techniques were not able 
to recover more than a fraction of the visual stimuli signal, the two-fold increase between 
eight loops and the Jorge loops shows that there is a significant gain in SNR. The initial 
positions of the loops and node configurations were chosen based on the size of the loops. 
Other configurations could explore the benefit of decreasing the size of the loops on the 
scalp in addition to the location of the sensors. Perhaps decreasing the areas of the loops 
and having each individual one more focused on specific electrodes would have provided 
a better characterization of the local artifact. The geometry could be modified by 
introducing more nodes beyond the two where T7 meets P5 and T8 meets P6. Another 
interesting question would be whether varying the stimuli would further still show the 
same effectiveness. Using higher frequency stimuli, such as 20 or 30 Hz, could test 
whether the loops are still able to retain the target signal over a broader range. 
Additionally, this thesis and works in the past have primarily focused on the occipital 
region. Using auditory stimuli could test whether the devices are effective in other areas 
of the brain. 
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 CHAPTER 6: CONCLUSION 
 EEG recordings in simultaneous EEG-fMRI have substantial noise that can be 
difficult to remove. The use of wire loop motion sensors has been effective in reducing 
these artifacts. We designed a device with improved ease of use and performance for 
signal retention and artifact reduction. The addition of the loops showed a further 
improvement in regressing out the EEG artifacts over previous devices. More loops 
helped characterize the artifact across the scalp with the differing regions that were 
inaccessible to the previous device. We also saw that selecting sensors to regress with 
based on proximity helped improve recovery of 4, 7.5, 10, and 15Hz, which was only 
possible due to the increased number of sensors to choose from. This device can be used 
for artifact reduction and greatly benefit future EEG-fMRI studies. 
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APPENDIX 1: DEVICE DOCUMENTATION 
Build and Validation Documentation: Otto Octavius 
November 4, 2019 
 
Materials: 
• 8x 10KΩ Axial Lead Resistors 
• 18 AWG copper wire 
• 9x Disc electrodes with lead wires (Warner Instruments E242) 
• 4.8mm Head Shrink Tubing - polyolefin 
• Electrical tape 
• Vinyl Insulating layer 
 
Design 
The purpose of the 
design is to utilize 
the same electrodes 
that the original 
device in Jorge 
study, in addition to 
other selected 
electrodes in order 
to show that the 
additional electrodes 
will have an 
enhanced effect 
over the original. 
The branchings of 
the T8-P6 leads and the T7-P5 leads was to further provide additional variation from 
previous prototypes that initially followed a similar setup to the original with all leads 
branching from a central wire. The addition of two additional nodes enables a relocation 
of the center of the loops with the intent to vary the geometry. 
 
Impedance Validation 
Measured resistance values from reference to each electrode to confirm that they were 
each 10KΩ using multimeter. 
 
Preliminary EEG Testing 
Results show that there is a reduction in alpha in occipital channels not used by the 
Octopus. In O1, O2, Oz channels, there is a significant decrease between eyes closed and 
eyes opened periods. Although channels used by the Octopus show a difference in alpha, 
the magnitude in the PSD is several orders less than channels on the scalp. 
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Imaging artifact analysis 
Placing the spider on a water phantom showed the presence of an artifact, however, the 
extent of the impact has yet to be determined as significant when added in addition to the 
cap. Quantitative analysis yet to be done. 
 
Heat Testing 
Scheduled for Week of 11/11 
 
fMRI Artifact 
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APPENDIX 2: ALTERNATE DESIGNS AND PROTOTYPES 
 
Peter Parker 
 
 
Gwen Stacey 
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